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Introduction {#s1}
============

Constitutive active receptor (CAR) was originally characterized as a drug-activated nuclear receptor that induces hepatic drug metabolism and secretion by activating genes that encode enzymes such as cytochrome P450s (CYP), sulfotransferases and UDP-glucuronosyltransferases as well as drug transporter genes [@pone.0115663-Honkakoski1]--[@pone.0115663-Kakizaki1]. Subsequently, regulation by CAR has been extended far beyond drug metabolism to hepatic energy metabolism and cell growth and death, thereby becoming a critical factor in the development of diseases including diabetes and hepatocellular carcinoma [@pone.0115663-Yamamoto1], [@pone.0115663-Phillips1]. Therefore, understanding the molecular mechanism of CAR activation is essential for us to predict and control both beneficial and adverse effects caused by this activation.

CAR is sequestered in its inactive form in the cytoplasm by phosphorylating its residue threonine 38; only non-phosphorylated CAR translocates into the nucleus, forms a heterodimer with RXR and activates target genes [@pone.0115663-Kawamoto1], [@pone.0115663-Mutoh1]. Threonine 38 is phosphorylated when epidermal growth factor receptor (EGFR) signaling is stimulated, while repression of this signaling results in dephosphorylation that activates CAR [@pone.0115663-Koike1], [@pone.0115663-Mutoh2]. Consequently, CAR is, in principle, a cell signal-regulated nuclear receptor and this signal-mediated mechanism is now demonstrated in both mouse and human liver cells [@pone.0115663-Mutoh2], [@pone.0115663-Yang1]. As to regulation of CAR by therapeutic drugs, phenobarbital (PB) antagonizes EGFR signaling to dephosphorylate and activate CAR [@pone.0115663-Mutoh2], while metformin represses CAR activation by preventing dephosphorylation [@pone.0115663-Yang1]. Thus, phosphorylation of threonine 38 is an essential factor that regulates CAR activation and nuclear translocation.

In addition to this phosphorylation, we previously identified a tetratricopeptide repeat protein (TPR) that interacts with CAR to regulate its cytoplasmic localization in HepG2 cells and named this TPR protein Cytoplasmic CAR Retention Protein (CCRP) [@pone.0115663-Kobayashi1]. CCRP, also known as DNAJC7, is a member of the co-chaperone HSP40 family, which are structurally featured by J-domain and repeats of TPR motif, the 34-residue peptide forming a pair of anti-parallel α helices. The J-domain regulates ATP hydrolysis by HSP70, while the TPR motif mediates formation of homo-dimer or an array of hetero-complexes with non-TPR proteins via TPR motifs: co-chaperones with HSP90 and HSP70 [@pone.0115663-Bukau1]--[@pone.0115663-Brychzy1]. In fact, CCRP formed a complex with CAR and HSP90, thereby causing accumulation of CAR in the cytoplasm of HepG2 cells [@pone.0115663-Kobayashi1]. In addition to CAR, CCRP was also found to interact with the glucocorticoid receptor (GR) and regulated its trans-activation activity in N2A and Hela cells [@pone.0115663-Brychzy1]. Therefore, CCRP might be a common co-chaperone that regulates not only intracellular localization but also trans-activation activity of many nuclear receptors. However, these regulations by CCRP have not been investigated in organs and tissues such as liver *in vivo*.

Here we generated CCRP KO mice and utilized them to examine the *in vivo* roles of CCRP in CAR activation in the livers. CCRP KO mice were treated with PB, from the livers of which samples were prepared for Western blot, real time PCR, cDNA microarray and chromatin immunoprecipitation (ChIP) assays. Demonstrating that CCRP regulates not only intracellular localization of CAR but also its ability to activate the *Cyp2b10* gene, we will develop the hypothesis that CCRP determines both CAR-dependent and -independent gene expression in the livers.

Materials and Methods {#s2}
=====================

Generation of the CCRP knockout mice {#s2a}
------------------------------------

A colony of CCRP global knockout B6; 129-Dnajc7\< tm1Neg \> (CCRP^-/-^ or KO in this manuscript) was established at the facilities of Knockout core of NIEHS. To construct CCRP targeting vector, three fragments of the mouse *Ccrp* gene were amplified from 129SvEv genomic DNA with Pfu Turbo DNA polymerase (Promega, Madison, WI, USA); a 3.3-kb fragment containing intron 1 (left arm), a deleting 3.2-kb fragment containing exons 2-4 and a 5.4-kb fragment containing introns 4 and 5 and exon 5 (right arm). The primer sets used for these amplifications were; left arm, 5\'-AAGGCGCGCCTAGGACAGATTCTTCACACCA-3\', 5\'-ATATGGCCGGCCTCAGGGGTGAGCTCAGAAGC-3\'; deleting fragment; 5\'-AGATCGATGGTATAGTGATGTGACTCTCCT-3\', 5\'-CTTAATTAAGCCCTCAGGGCACCTCTCATAGGAACAGATCAGACCT-3\'; right arm, 5\'-GCGGCCGCTGGTGCGGTGGGTCTGGAAAGAAGAG-3\', 5\'-GCGATCGCAGAACAAAGCAAGGCTCTAG-3\'. After amplification, these fragments were digested with restriction enzymes and ligated into the corresponding sites of a Multiple Amplicon Insertion Knock Out vector which carries three multi cloning sites, *FRT-Pgk-neo-FRT* cassette, DT-A cassette, and two loxP sites ([Fig. 1-A](#pone-0115663-g001){ref-type="fig"}, upper part) [@pone.0115663-Inagaki1]. The left arm was placed upstream of the 5′-loxp site; the deleting fragment between the 5′-loxP and the *Neo* cassette; the right arm downstream of the 3′-loxP site. The targeting vector linearized by *Sal*I was electroporated to ES cells derived from 129SvEv blastocysts. The G418-resistant ES clones were screened by Southern blot analysis; these Southern probes were PCR amplified from ES cell genome DNA using following primers. 5\'-ACTGAAATCTGCATTTGCTAACGC-3\' and 5\'-TTGACACTTCATCCTGCAGTCTCTT-3\' for 5\'-probe and for 3\'-probe, 5\'-AGGTAGTGATATTACTTACTAACTC-3\' and 5\'-CTAAATTCAGTCCCCAAAACCTTCTG-3\'. The targeted ES cell clones were injected into blastocysts from C57BL/6 albino mice. The obtained CCRP fx/fx male mice were bred with Sox2-Cre female mice (The Jackson Laboratory, Bar Harbor, ME, USA) to delete exons (exons 2--4) to generate a recombined null allele (ΔE/+). After intercrossing with the heterozygote mice, we obtained *CCRP^-/-^* (KO) and *CCRP* ^+/+^ (WT) mice. A CAR/CCRP double knockout mouse line was established by crossing *CCRP^-/-^* (KO) with *CAR* ^-/-^ [@pone.0115663-Ueda1]. We confirmed double knockout of CAR and CCRP genes in DKO animals by genotyping using following primer sets. For CAR; 5′-GGAGGTGTACCAGTGTTTAAAGGTGG-3′, 5′-GGGTGGGATTAGATAAATGCCTGCTCT-3′, and 5′-CCCACATTCAGGAGACCATGACAGC-3′. For CCRP; 5′- TGGCGGCATGTCGTAGTTT-3′, 5′-GTCTCAGCTTCTCCAAACTCTG-3′, and 5′-GTCCTGCCTTATTGGTCACTCTTC-3′. The PCR protocol was 95°C x 2 min; 95°C x 10 s, 58°C x 10 s, and 72°C x 30 s for 40 cycles with 50 ng of genomic DNA extracted from ear tissue in a 20 µl reaction using GreenTaq (Promega). The product size was determined by gel electrophoresis ([Fig. 1-D](#pone-0115663-g001){ref-type="fig"}). All animal procedures were approved by the Animal Ethics Committee of National Institute of Environmental Health Sciences.

![Gene targeting and conditional deletion of exon 2 to 4 of the mouse *Ccrp* gene.\
(A) Restriction maps of the wild type allele and knockout construct. After Cre recombination, *Ccrp* gene exons 2--4 deleted allele (ΔEx) was generated as described in [material and methods](#s2){ref-type="sec"}. (B) Determination and confirmation of genotype for CCRP KO mice by Southern blot analyses. Expected size of digested fragments was shown. (left) *Kpn*I digested, and (right) *Bgl*I digested genomic DNA derived from CCRP KO mice were detected by indicated probes. (C) CCRP protein expression in the cytoplasm and the nuclei. The cytoplasm and nuclear proteins were extracted from the livers of WT and KO males and 10 µg proteins were subjected to western blotting as described in [materials and method](#s2){ref-type="sec"} section. HSP90 and TBP were used as loading controls of the cytoplasm and the nuclei, respectively. (D) Genotyping result of DKO mice. Genomic DNA was extracted from ear tissue. CAR primer set generated 266 bp and 466 bp PCR products for WT and KO, respectively. CCRP primer set generated 150 bp and 450 bp products for WT and KO, respectively.](pone.0115663.g001){#pone-0115663-g001}

Southern Blots {#s2b}
--------------

Southern blot analyses were performed according to the manufacturer protocol. Probe labeling with \[α^32^P\]-dCTP were performed with using Prime-It RmT Random Primer Labeling Kit (Stratagene, La Jolla, CA, USA). And denatured labeled probe was incubated with each blot under 10^6^ cpm/ml at 42°C overnight. The positions of probes are shown as horizontal bars in [Fig. 1-B](#pone-0115663-g001){ref-type="fig"}. The same probes used for ES cell screening were utilized for this Southern analysis.

Animal treatment {#s2c}
----------------

Animals were fed a standard chow diet and allowed to drink water ad libitum. Experiments were done on 7--10 weeks old male mice. After fasting for 24 h, animals were treated with vehicle PBS or PB at a dose of 100 mg/kg body weight for 6 h (RT-PCR, microarray, and western blot) or for 3 h (ChIP assay). After treatment, mice were sacrificed by cervical dislocation and liver samples were frozen by liquid nitrogen and stored at -80°C before use. For cholesterol and lipid study, mice were simply fasted for 24 h. After sacrifice by carbon dioxide, liver or blood samples were collected.

Western blots {#s2d}
-------------

Nuclei were prepared and lysed as previously published [@pone.0115663-Sueyoshi3] with following minor modifications; homogenizing buffer contained 2 M sucrose and no protease inhibitor. Whole liver extracts were prepared by homogenizing livers in 8 M urea containing 1% SDS using a polytron homogenizer and by centrifuging homogenates at 15,000 g for 10 min as previously described [@pone.0115663-Mutoh2]. Proteins were separated with 10% SDS-PAGE and transferred to PVDF membrane. After blocking with 5% nonfat dry milk containing TBS-0.1% Tween20 buffer, membrane was probed with anti-CAR antibody (1∶5000, PP-N4111-00, Perseus, Tokyo, Japan), anti-HSP90 antibody (1∶1000, 610419, BD Transduction Laboratories, San Jose, CA), anti-TATA-binding protein (TBP) antibody (1∶2000, sc-273, Santa Cruz, Santa Cruz, CA), anti-βACTIN antibody (1∶2000, sc-47778, Santa Cruz), or anti-CCRP polyclonal antibody previously described [@pone.0115663-Kobayashi1] (1∶5000) in the blocking buffer for 2 h to overnight and 1 h with proper secondary HRP-conjugated mouse (sc-2314, 1∶5000) or rabbit antibody (sc-2004, 1∶5000). Protein bands on membrane were visualized using ECL prime detection reagent (GE healthcare, Buckinghamshire, UK). The bands were scanned and quantified using the ImageJ 1.47 software (National Institutes of Health, Bethesda, MD). Relative nuclear CAR levels were calculated by dividing the densities of CAR by those of TBP or βACTIN in each sample.

cDNA Microarrays {#s2e}
----------------

Extracted RNAs obtained from livers using Trizol (Invitrogen, Carlsbad, CA) were purified with QIAGEN RNeasy kit (QIAGEN, Hilden, Germany) according to a manufacture\'s protocol. Gene expression analysis was conducted using Agilent Whole Mouse Genome 4×44 multiplex format oligo arrays (014868) (Agilent Technologies, Santa Clara, CA) following the Agilent 1-color microarray-based gene expression analysis protocol as reported previously [@pone.0115663-Saito1]. In order to identify differentially expressed probes, analysis of variance (ANOVA) was used to determine if there was a statistical difference between the means of groups. Gene tags were identified as PB responsive genes if *p*-value was smaller than 0.05. To investigate functional characteristics as well as upstream regulators of specific gene lists, we used Ingenuity Pathway Analysis (IPA, Ingenuity Systems; [www.ingenuity.com](http://www.ingenuity.com)). cDNAs obtained from non-treated animals fasted for 24 h were also investigated by microarray analysis as described above. GEO accession number for our data is GSE56557.

RT-PCR {#s2f}
------

Total RNAs were extracted from the livers of WT and KO males using Trizol. cDNAs were synthesized using SuperScript first strand synthesis system (Invitrogen) with random hexamers as primers. Real-time PCR was performed with an ABI Prism 7700 sequence detector (Applied Biosystems, Foster City, CA), TaqMan Universal PCR reaction mix and primers (Applied Biosystems) for mouse *Cyp2b10*, *Cyp2c55* or glyceraldehyde-3-phosphate dehydrogenase (*Gapdh*) as a control.

Chromatin immunoprecipitation (ChIP) {#s2g}
------------------------------------

After sacrifice by cervical dislocation, liver samples were collected and ChIP samples were prepared as reported previously [@pone.0115663-Saito2]. ChIP assays were performed using ChIP-IT Express (Active Motif, Carlsbad, CA) according to the manufacturer\'s protocol with 10 µg of sheared chromatin and 2 µg of anti-human RXRα antibody (Santa Cruz, D-20X), anti-RNA polymerase II phospho Ser-5, an activated form (ab5131, Abcam, Cambridge, UK), anti-histone H3 lysine 27 trimethylation antibody (H3K27me3; 39155, Active Motif) or control rabbit IgG (2729, Cell Signaling, Danvers, MA). After purification of ChIP DNA samples with QIA PCR purification kit (QIAGEN), *Cyp2b10* enhancer region containing PBREM (−2440/−2238) and promoter region containing TATA box (-155/+69) were amplified by PCR using the following specific primers: 5′-GCTAATGCCTGTCTGGATCAGGA-3′ and 5′-GGAATACTGACCCAAGTTCAGTG-3′ (PBREM); 5′-AAGGGAATGAGGAGTGAGC-3′ and 5′-CAAGAAGCCCACAAGGAGAG-3′ (TATA). PCR reactions were performed with Green Taq PCR polymerase (Promega) at 94°C for 2 min followed by 30-35 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 30 s.

Liver sections and staining {#s2h}
---------------------------

Following fixation of the livers with 10% formalin/phosphate-buffered saline, paraffin-embedded sections were subjected to standard Hematoxylin and Eosin (HE) staining. Hepatic lipid content was determined by 10 µm thick frozen sections stained with Oil Red O (Sigma--Aldrich, St. Louis, MO, USA).

Serum cholesterol levels {#s2i}
------------------------

After sacrifice by carbon-dioxide, blood was collected and serum levels of total cholesterol, HDL and LDL were determined as described previously [@pone.0115663-Nakamura1].

Statistical analysis {#s2j}
--------------------

Values are plotted as the mean ± SE. Statistical analysis was conducted with GraphPad Prism 5 (GraphPad Software, San Diego, CA). ANOVA or unpaired *t*-test was used to determine significant differences among genotypes and treatments.

Results {#s3}
=======

CCRP KO mice {#s3a}
------------

The CCRP global knockout mice were generated through genetic manipulations as shown in [Fig. 1-A](#pone-0115663-g001){ref-type="fig"}. Deletion of exon 2 to exon 4 is predicted to result in the splicing of exon 1 to exon 5. This results in an open reading frameshift, leading to a premature stop codon. Translation of the truncated mRNA results in an N-terminal peptide of just 38 amino acids residues (25 residues of CCRP followed by 13 missense residues). In these residues, important domains of CCRP for its function, 2 TPR domains and J-domain, are not included. Southern hybridization analysis confirmed the deletion of the *Ccrp* gene in the mouse genome ([Fig. 1-B](#pone-0115663-g001){ref-type="fig"}), whereas Western blot analysis using anti-mouse CCRP polyclonal antibody demonstrated the presence of CCRP at protein levels within both the cytoplasm and nucleus of WT but not in those of KO males ([Fig. 1-C](#pone-0115663-g001){ref-type="fig"}).

Attenuated induction of CYP2B10 mRNA by PB {#s3b}
------------------------------------------

First, we checked the nuclear accumulation of CAR in livers of WT and KO males after PB treatment. As shown in [Fig. 2](#pone-0115663-g002){ref-type="fig"}, while CAR accumulated in the nuclear extracts from WT males after PB treatment, this accumulation was 2.5-fold greater in those from PB-treated KO males. In control animals, the levels of nuclear CAR were higher in the extracts from KO males compared with those from WT males but not statistically significant. As for total expression of CAR in liver, there was no difference between male PB-treated WT and KO mice ([Fig. 2](#pone-0115663-g002){ref-type="fig"}). These results suggest that CAR expressed in KO males was preferably localized in the nuclear compartment after PB treatment.

![CAR protein levels after PB treatment.\
Fifteen microgram aliquots of liver nuclear extract or whole lysate were used for western blot analysis as described in [materials and method](#s2){ref-type="sec"} section. Nuclear accumulation of CAR after 6 h PB treatment in WT and KO males on the left. On the right, total CAR protein levels in liver whole lysate prepared from PB-treated WT and KO males. We used TBP and β-Actin as loading control of nuclear extract and whole lysate, respectively. Columns denote mean ± SE determined in at 3 individual animals. Opened and closed columns represent control and PB-treated animals, respectively. Unpaired t-test was used to compare the relative CAR levels between genotypes (\*WT vs KO, *p*\<0.05). This experiment was repeated twice with different sample set prepared from different animals.](pone.0115663.g002){#pone-0115663-g002}

cDNA microarray analysis was performed to examine the scope of gene expression in the livers of KO mice after PB treatment. Overview of the Top-10 most differentially up- or down-regulated genes is available in [S1 Table](#pone.0115663.s001){ref-type="supplementary-material"}. Numbers of genes which were either up- or down-regulated in the livers after PB treatment were 1302 and 2744 in WT and KO mice, respectively. Among CAR-regulated *Cyp* genes, PB-induction of CYP2B10 and 2B13 mRNAs was repressed about 5-fold in KO as compared to those in WT mice, while CYP2C39, CYP2C55 and CYP3A5 mRNAs were increased higher in PB-treated KO than WT mice ([Table 1](#pone-0115663-t001){ref-type="table"}). Thus, CCRP appears to either attenuate or augment PB-induced activation depending on the types of *Cyp* genes. Real time PCR analysis of liver RNA samples confirmed a significant decrease in the induction rates of CYP2B10 mRNA in PB-treated KO males; only 5-fold in KO males as compared with 20-fold in WT males ([Fig. 3-A](#pone-0115663-g003){ref-type="fig"}). In the case of CYP2C55 mRNA, there was no significant difference in the induction ratio between WT and KO, consistent with microarray analysis. Here we focused our investigations on the *Cyp2b10* gene, the classic CAR target of PB induction. The similar attenuation of the induction of CYP2B10 mRNA was also observed in the induction in KO males after treatment with 1,4-bis\[2-(3,5-dichloropyridyloxy)\]benzene (TCPOBOP, a mouse CAR ligand) (data not shown). Noticeably, the induced levels of CYP2B10 mRNA exhibited relatively large variations from no to full induction in KO livers ([Fig. 3-B](#pone-0115663-g003){ref-type="fig"}), reasons for which will be investigated in the future. Nevertheless, CCRP appeared to be a critical factor for the optimal induction of the *Cyp2b10* gene.

![The mRNA expressions of CAR target genes in the livers after 6 h PB treatment.\
(A) CYP2B10 and CYP2C55 mRNA levels relative to GAPDH mRNA were measured by qRT-PCR. The relative levels were expressed as a ratio to that of PBS-treated WT mice. Columns denote mean ± SE determined in at 6-8 individual animals. Opened and closed columns represent control and PB-treated animals, respectively. One way-ANOVA was used to compare delta Ct values among groups (\*control vs PB-treated, *p*\<0.05; \#WT vs KO, *p*\<0.05). (B) Delta Ct values of CYP2B10 mRNA levels measured by qRT-PCR. The value was calculated by subtracting GAPDH Ct value from CYP2B10 Ct value in each animal.](pone.0115663.g003){#pone-0115663-g003}

10.1371/journal.pone.0115663.t001

###### Up- and down regulation of CAR-regulated genes in the livers of WT and KO treated with PB.

![](pone.0115663.t001){#pone-0115663-t001-1}

                                                                                          Fold change  
  ---------------- ----------- --------------------------------------------------------- ------------- --------
  Up-regulated       *Ces2a*                    *carboxylesterase 2 a*                       2.493      2.038
                    *Cyp2b13*   *cytochrome P450 family 2, subfamily b, polypeptide 13*      4.695      22.644
                    *Cyp2b10*   *cytochrome P450 family 2, subfamily b, polypeptide 10*      5.536      28.008
                    *Cyp2c39*   *cytochrome P450 family 2, subfamily c, polypeptide 39*     10.059      2.542
                    *Cyp2c55*   *cytochrome P450 family 2, subfamily c, polypeptide 55*      6.237      4.995
                    *Cyp3a44*   *cytochrome P450 family 3, subfamily a, polypeptide 44*      7.582     
                     *Dio1*               *deiodinase, iodothyronine, type I*                3.210      2.387
                    *Gadd45b*      *growth arrest and DNA-damage-inducible 45 beta*                     3.844
                     *Gsta2*             *glutathione S-transferase, alpha 2*                2.604     
                    *Insig1*                   *insulin induced gene 1*                      2.946     
                    *Insig2*                   *insulin induced gene 2*                                 2.194
  Down-regulated    *Cyp7a1*    *cytochrome P450, family 7, subfamily a, polypeptide 1*      3.289     

Blank means no significant alteration by PB. Cut-off: 2.0, *p*\<0.05 (ANOVA).

Chromatin-based regulation of the *Cyp2b10* promoter {#s3c}
----------------------------------------------------

ChIP assays were employed to examine the recruitment of CAR/RXRα complex to PBREM of the *Cyp2b10* promoter. Since existing CAR antibodies did not work for this assay, an anti-RXRα antibody was utilized as previously reported [@pone.0115663-Saito2]. ChIP assay with PB-treated DKO mice confirmed that the increase of RXRα binding at PBREM is CAR-dependent. Consistent with results of qPCR, the CYP2B10 mRNA induction by PB in KO mouse liver was partially attenuated and completely abolished in DKO mouse liver, compared to WT ([Fig. 4-A](#pone-0115663-g004){ref-type="fig"}). These results confirmed that CAR is an essential factor for the *Cyp2b10* gene activation also in the absence of CCRP.

![The recruitment of transcription factors and histone de-methylation after PB treatment.\
(A) The mRNA expressions of CYP2B10 in the livers of WT, KO and DKO mice after 3 h PB treatment. Columns denote mean ± SD determined in triplicates. Opened and closed columns represent control and PB-treated animals, respectively. (B) PB-induced recruitment of CAR/RXRα and RNA polymerase II in the *Cyp2b10* promoter in the livers of WT and KO; WT and DKO mouse liver. Precipitation of DNA fragments by anti-RXRα and anti-RNA polymerase II antibodies at PBREM and TATA box-containing region, respectively, was determined. (C) Histone de-methylation after PB treatment in the *Cyp2b10* promoter of WT and KO; WT and DKO mouse liver. Precipitation of DNA fragments by antibodies against the repressive mark H3K27me3. For both, precipitation of DNA fragments by normal IgG was used as negative control and DNA fragments without immunoprecipitation (Input) were used as positive control. Data shown are representative of results from two individual experiments.](pone.0115663.g004){#pone-0115663-g004}

RXRα binding increased in the livers of WT males after PB treatment. This binding was already increased in KO males before PB treatment and further increased after treatment to the same levels as observed in PB-treated WT males ([Fig. 4-B](#pone-0115663-g004){ref-type="fig"}, upper left panel). No binding increases occurred in the livers of DKO males before or after PB treatment ([Fig. 4-B](#pone-0115663-g004){ref-type="fig"}, lower left panel). Thus, PB-induced increase in the CAR-mediated RXRα binding to PBREM did not appear to require the presence of CCRP. Next, binding of activated RNA polymerase II to a TATA box region of the *Cyp2b10* promoter was examined. ChIP assays revealed an increased binding of RNA polymerase II to TATA box in the livers of WT males after PB treatment, while this PB-induced increase was barely observable in those of either KO or DKO males ([Fig. 4-B](#pone-0115663-g004){ref-type="fig"}, right panels). Thus, CAR binding to PBREM resulted in the recruitment of activated RNA polymerase II in the presence of CCRP but not in its absence.

Epigenetic regulation {#s3d}
---------------------

In addition to promoter binding of CAR/RXRα or RNA polymerase II, we checked histone trimethylation levels in the promoter because histone H3 lysine 27 trimethylation (H3K27me3) level has been reported to decrease in response to PB treatment [@pone.0115663-Lempiinen1]. Trimethylation levels at H3K27 were greatly reduced by PB treatment within promoter regions which encode PBREM or TATA box only after PB treatment in the livers of WT males. On the other hand, these regions were already demethylated in the livers of KO males before PB treatment and no further de-methylation occurred after treatment ([Fig. 4-C](#pone-0115663-g004){ref-type="fig"}, upper panels). Contrary to what was observed with WT livers, the histone in the promoter remained methylated before treatment but demethylated after treatment in DKO livers ([Fig. 4-C](#pone-0115663-g004){ref-type="fig"}, lower panels). Thus, CAR binding allowed demethylation of the histone in the promoter without being activated in the absence of CCRP, while PB treatment demethylated it without activating the promoter in the absence of both CCRP and CAR.

Steatotic livers and high cholesterol levels in serum {#s3e}
-----------------------------------------------------

KO males were found to develop steatotic livers in response to 24 h fasting. [Fig. 5-A](#pone-0115663-g005){ref-type="fig"} shows microscopic images of WT and KO liver sections after 24 h starvation stained by HE or Oil-red-O. The increase of Oil-red-O stained vesicles suggested higher lipid accumulation in KO mouse livers particularly, around central veins ([Fig. 5-A](#pone-0115663-g005){ref-type="fig"}). On the other hand, the lack of CCRP did not affect serum triglyceride levels (105.3 mg/dL in WT; 104.5 mg/dL in KO).

![Development of steatotic liver in non-treated KO males.\
(A) HE or Oil-red-O staining of livers from WT and KO males fasted for 24 h. *C*: central vein; *P*: portal vein. Magnification, 200x. (B) Serum levels of total cholesterol, HDL and LDL in males. Columns denote mean ± SE determined in 6 individual animals. Opened and closed columns represent WT and KO males, respectively. Unpaired t-test was used to compare the levels between genotypes (\*WT vs KO, *p*\<0.05).](pone.0115663.g005){#pone-0115663-g005}

Serum cholesterol concentrations were significantly higher in KO males, as compared to those in WT (116.3 mg/dL in KO and 95.8 mg/dL in WT). Serum levels of HDL and LDL were also increased in KO males (HDL, 105.7 and 90.8 mg/dL in KO and WT, respectively; LDL, 18.0 and 14.3 mg/dL in KO and WT, respectively). However, these differences in the HDL and LDL levels were not statistically significant.

cDNA microarray analysis suggested the activation of cholesterol metabolism in KO mouse liver ([Table 2](#pone-0115663-t002){ref-type="table"}) and revealed an increase of mRNAs of enzymes and factors that are involved in cholesterol biosynthesis such as *Cyp51A1*, *Hmgcs1* (3-hydroxy-3-methylglutaryl-CoA synthase 1) and *Sqle* (squalene epoxydase) ([Table 3](#pone-0115663-t003){ref-type="table"}). Upstream analysis with IPA predicted the activation of sterol regulatory element-binding protein 1 and 2 (SREBP1 and 2) and SREBP-cleavage-activating protein (SCAP) with the activation z-scores of 4.653, 3.873 and 4.418 for SREBP1, SREBP 2 and SCAP, respectively.

10.1371/journal.pone.0115663.t002

###### Top 5 canonical pathways (WT v.s. KO after 24 h fasting).

![](pone.0115663.t002){#pone-0115663-t002-2}

  Ingenuity Canonical Pathways                                 p-value    Ratio
  ----------------------------------------------------------- ---------- -------
  Superpathway of Cholesterol Biosynthesis                     7.48E-05   11/27
  Glutathione-mediated Detoxification                          4.87E-04   9/23
  Cholesterol Biosynthesis I                                   1.61E-03   6/13
  Cholesterol Biosynthesis II (via 24,25-dihydrolanosterol)    1.61E-03   6/13
  Cholesterol Biosynthesis III (via Desmosterol)               1.61E-03   6/13

IPA suggested these pathways are significantly altered by CCRP KO in male mouse liver (ANOVA, *p*\<0.05). Ratio indicates the number of genes significantly altered within genes related to each pathway.

10.1371/journal.pone.0115663.t003

###### Cholesterol biosynthesis gene expressions after 24 h fasting.

![](pone.0115663.t003){#pone-0115663-t003-3}

  gene                             Fold change                       
  ---------- ------------------------------------------------------- -------
  *Acat3*            *acetyl-Coenzyme A acetyltransferase 3*          1.817
  *Cyp51a*          *cytochrome P450, family 51, subfamily a*         2.326
  *Fdps*                 *farnesyl diphosphate synthase*              1.818
  *Hmgcr*          *3-hydroxy-3-methylglutaryl-CoA reductase*         1.898
  *Hmgcs1*    *3-hydroxy-3-methylglutaryl-CoA synthase 1 (soluble)*   2.266
  *Idi1*           *isopentenyl-diphosphate delta isomerase 1*        2.714
  *Msmo1*                *methylsterol monooxygenase 1*               1.980
  *Nsdhl*         *NAD(P) dependent steroid dehydrogenase-like*       1.965
  *Sqle*                      *squalene epoxidase*                    3.677

Listed genes were significantly higher in KO, compared to WT. Cut-off: 1.5, *p*\<0.05 (ANOVA).

Discussion {#s4}
==========

Our previous study suggested that CCRP directly binds to CAR and accumulates it in the cytoplasm of HepG2 cells [@pone.0115663-Kobayashi1]. Our present work with livers of CCRP KO mice has now confirmed that CCRP regulates CAR-mediated activation of the *Cyp2b10* gene as well as the intracellular localization of CAR.

Since CCRP is present in both cytoplasm and nucleus in the livers, CCRP can regulate CAR activity in either or both compartments. Co-chaperone regulation in the cytoplasm has been intensively investigated in nuclear receptors. For example: FK506 binding protein 51 (FKBP51) and 52, TPR proteins within the immunophilin family, mediate the interaction between GR with HSP90 to facilitate ligand binding. Liganded GR replaces FKBP51 with FKBP52 to translocate into the nucleus [@pone.0115663-Echeverra1], [@pone.0115663-Riggs1]. This role of FKBP52 was confirmed in a cell line derived from FKBP52 KO mice, although the corresponding GR-FKBP52 complex could not be found in the cytoplasm of rat livers [@pone.0115663-Hedman1], [@pone.0115663-Warrier1]. Hepatitis B virus X-associated protein 2 (XAP2), also known as AIP or ARA9, the other immunophilin type of TPR protein, promotes interaction between aryl hydrocarbon receptor (AHR) and HSP90 to translocate AHR from the cytoplasm into the nucleus after ligand binding in transformed cells such as Hepa1 cells [@pone.0115663-Meyer1]--[@pone.0115663-Bell1]. Global knock out of XAP2 was embryonic lethal [@pone.0115663-Lin1]. Liver-specific XAP2 KO mouse was produced [@pone.0115663-Nukaya1]; however, neither an AHR-XAP2 complex nor intracellular localization has been confirmed before or after ligand treatments in the livers. Global CCRP KO mice grow normally and as to CCRP in the livers *in vivo*, it appears to constitute a regulatory system that optimizes nuclear CAR accumulation by its ability of repressing this accumulation. In addition to CAR, CCRP also interacted with GR, mineralocorticoid receptor, progesterone receptor (PR), estrogen receptor, androgen receptor and pregnane X receptor (PXR) [@pone.0115663-Brychzy1], [@pone.0115663-Squires1]--[@pone.0115663-Schlke1]. CCRP regulates interactions between PR and HSP90, and GR and HSP70 [@pone.0115663-Brychzy1], [@pone.0115663-Moffatt1]. In the cases of PXR, over-expression of CCRP increased the cytoplasmic level of PXR-CCRP-HSP90 complex and retained it in the cytoplasm of HepG2 cell [@pone.0115663-Squires1]. Besides nuclear receptors, CCRP also interacted with p53 to inhibit its interaction with mouse double minute 2 homologue (MDM2) in COS1 cells [@pone.0115663-Kubo1]. Therefore, CCRP may be a common co-chaperone and the roles it plays in the cytoplasm may go far beyond CAR to many other nuclear receptors as well as signaling molecules.

CCRP is now found to engage in diverse regulations in the nucleus, one of which is epigenetic regulation. Only in the presence of CCRP does the histone of *Cyp2b10* promoter remain methylated before PB treatment and demethylated after treatment. It appears that only when this epigenetic regulation is properly integrated into CAR function that the demethylated promoter recruits RNA polymerase II for activation. On the other hand, aberrant demethylation, which occurs in the absence of CCRP or both CCRP and CAR does not enable the promoter to recruit RNA polymerase II. According to Hesterman and Brown, the AHR antagonist 3,3′-diindolylmethane (DIM) can induce AHR recruitment to the *Cyp1a1* promoter but cannot activate the gene because of the failure of histone acetylation and the recruitment of RNA polymerase II [@pone.0115663-Hestermann1]. Like what different ligands can do, CCRP may determine how CAR recruits co-activators an RNA polymerase II to the promoter.

There is another possibility that explains the attenuation of *Cyp2b10* gene activation in CCRP KO mice: CCRP may be directly utilized as a transcriptional co-activator in the nucleus. There is an example that co-chaperones can work as transcriptional co-regulators. Hjd1/DNAJB1, which belongs to the HSP40 family, acts as a transcriptional repressor to down-regulate heat shock-induced factor 1 (HSF1)-mediated gene activation because HSP70 and the co-chaperone DNAJB1 interact directly with the transactivation domain of HSF1 and over-expression of them represses heat shock gene transcription [@pone.0115663-Shi1]. ChIP assays were performed with either our own or a commercially available CCRP antibody but neither antibody was suitable for these assays.

CCRP co-regulated many of CAR-regulated *Cyp* genes which are also known to be regulated by other nuclear receptors. For example, HNF4α has been reported to regulate *Cyp2b10*, *Cyp2b13*, and *Cyp3a44* [@pone.0115663-Wiwi1]. HNF4α mRNA remained unchanged in the liver by CCRP KO and down-regulated only slightly after PB treatment (data not shown). However, the interactions between CCRP and HNF4α have not been investigated, thereby remaining the possibility that HNF4α is involved in the co-regulation by CCRP. On the other hand, this type of co-chaperone-mediated specificity was previously demonstrated within AHR-regulated *CYP* genes, the *Cyp1b1* gene required the co-chaperone XAP for its full induction by TCDD, but XAP was dispensable for the full induction of the *Cyp1a1* and *Cyp1a2* genes [@pone.0115663-Nukaya1]. These observations suggest that co-regulations by co-chaperones can be gene-specific; biological meanings of this specificity and its molecular mechanisms should be interesting subjects for future investigations.

Our histochemical staining of liver section with HE or oil red revealed development of steatosis and accumulation of neutral lipids in livers of CCRP KO males after 24 h fasting while no clear difference was observed in fed animals between WT and KO (data not shown). Consistent with this result, microarray analysis showed that cholesterol biosynthesizing genes were up-regulated in the livers of KO males such as *Cyp51A1*, *Hmgcs1* (3-hydroxy-3-methylglutaryl-CoA synthase 1) and *Sqle* (squalene epoxydase) ([Tables 2](#pone-0115663-t002){ref-type="table"} and [3](#pone-0115663-t003){ref-type="table"}). Other than *Acat3* (acetyl-Coenzyme A acetyltransferase 3), cholesterol synthesizing genes in [Table 3](#pone-0115663-t003){ref-type="table"} are transcriptionally regulated by SREBP1/2. Upstream analysis with IPA strongly suggested the activation of SREBP in the liver of CCRP KO mice. In addition to SREBP, since many of these genes are known to be regulated through CAR and/or PXR [@pone.0115663-Yamamoto2], [@pone.0115663-Nakamura1], CCRP could regulate them either independently or by co-regulating nuclear receptors.

In conclusion, CCRP is capable of regulating CAR activities in both cytoplasm and nucleus in the livers *in vivo*. CCRP, acting as a co-activator, enables CAR for the *Cyp2b10* promoter to recruit RNA polymerase II. This co-regulation by CCRP may expand to other genes in future investigations. Hepatic steatosis and an increase in blood cholesterol levels suggest that CCRP may regulate diverse array of hepatic genes far beyond *Cyp* genes. Further investigations with KO mice should help us to understand CCRP biology and its molecular mechanisms.
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